had the advantage that RGC stratification and dendritic extent are established criteria for 'typing'' RGCs and thus made it possible to infer the range of cell types and processing based on morphological criteria alone. Going forward it will be important to link these results with analysis of the response patterns of the RGCs and LGN neurons they synapse with, and ideally with those of V1 neurons too. In the meantime, the results of Rompani et al. (2017) point to the ways in which as brain scientists we might want to expand our thinking about perceptual processing: the cortex is the seat of perception but it apparently it gets delivered a much richer palate of sensory information to build those perceptions than was previously thought.
Adult neural stem cells originate from the embryonic brain, but the underlying mechanisms remain poorly known. In this issue of Neuron, Falk et al. (2017) reveal how the timely control of cleavage plane orientation during division of embryonic neural progenitors has a specific and long-lasting impact on adult neurogenesis.
According to the butterfly effect, the properties of a hurricane could be influenced by the flapping of the wings of a distant butterfly several weeks earlier. This metaphor was originally used by Edward Lorenz in the context of non-linear models of weather prediction. It was meant not only to illustrate how seemingly small perturbations in inital conditions can lead to largely different results but also, and importantly, to point out that some chains of events are sometimes so hard or even impossible to untangle that they lead to the high unpredictability that often characterizes nonlinear systems found in nature. Butterfly effects can be applied to neural development, where seemingly subtle cellular events, despite the inherent unpredictability of their direct impact, can have important and long-lasting consequences on adult brain complexity and function. In this issue of Neuron, Falk et al. (2017) reveal such a striking effect, focusing on the mechanisms that control the embryonic generation of adult neural stem cells (aNSCs) and on a fascinating and rapidly evolving concept of developmental biology, the impact of cell division orientation on subsequent fate acquisition.
In the mammalian brain, while the vast majority of neurons are generated in utero, aNSCs can be found in specific neurogenic niches, such as the subependymal zone (SEZ) in the mammalian forebrain (Kriegstein and Alvarez-Buylla, 2009 ), where they generate several types of interneurons that will populate the olfactory bulb (OB) throughout much of adulthood. aNSCs share many features with radial glial cells (RGCs), the main embryonic progenitor type of the vertebrate brain, including specialized apical and basal processes and expression of specific genes (Kriegstein and Alvarez-Buylla, 2009 ), but they also display a distinctive quiescent behavior, like many adult somatic stem cells, which has to be activated by various intrinsic and extrinsic cues to lead to neurogenesis and differentiation.
While our knowledge on aNSCs has accumulated at an impressive pace, the mechanisms underlying their embryonic origin have remained relatively scarce. Viral lineage-tracing experiments have shown that SEZ aNSCs originate in the embryo from ventricular progenitors (Fuentealba et al., 2015) within the lateral ganglionic eminence (LGE), a region of the ventral telencephalon that contains a particularly high diversity of progenitors (Pilz et al., 2013) (Figure 1 ). aNSC ancestors can be first detected at mid-neurogenic stages, where they can be partly distinguished from the rest of progenitors by their slow proliferation properties, in line with their subsequent quiescence (Furutachi et al., 2015) . But from which LGE progenitor cell types presumptive aNSCs initally diverge, what the mechanisms are that control this divergence, and also, importantly, how the size of the inital pool of aNSCs is controlled all remain largely unknown. Falk et al. (2017) started to tackle this issue by focusing on a basic and important property of neural progenitors, the orientation of the angle of cell division in relation to the apico-basal polarity of the neuroepithelium. Indeed, this complex process has been implicated in a variety of cell fate decisions impacting on the identity of neural progenitors and their self-renewal properties (Delaunay et al., 2016; Knoblich, 2010) .
Given the specificities and diversity of LGE progenitors (Pilz et al., 2013) , Falk et al. (2017) first examined the overall patterns of cell divisions by measuring the angle of division of apical progenitors in the mouse embryonic LGE. This revealed a pattern quite different from the one found in other brain regions such as the cerebral cortex (where vertical divisions dominate), with twice as many oblique (30 -60 ) and fewer (60 -90 ) vertical divisions. They then determined that this pattern differs quite a lot depending on the progenitor type considered: RGCs that possess a long basal process show a pattern that corresponds to the one described for homologous RGCs of the cortex, while it is another population of apical progenitors characterized by a lack of basal process, the so-called small neural progenitors (SNPs) (Gal et al., 2006; Pilz et al., 2013) , that display an unusually large proportion of oblique divisions at the expense of vertical ones. The pattern of divisions thus reflects the specific cellular composition of the LGE. In addition, time-lapse imaging of ex vivo slices of embryonic LGE revealed that while RGCs typically divide in an asymmetric self-renewing mode, generating one RGC and another cell type, SNPs typically divide to generate further SNPs or other cell types. This would suggest a link between the angle of division and resulting cell fate, which was then tested directly through various systematic manipulations of the angle of division.
The authors first examined the impact of overexpression of Inscuteable (Insc), a master regulator of spindle pole orientation in many other systems (Knoblich, 2010) , using a transgenic mouse model that allows it constitutive overexpression (Insc OE). As expected, this led to a partial shift of the division patterns, with an increase in horizontal and oblique divisions at the expense of vertical ones (Figure 1) . Remarkably, these changes were also associated with a distinct cellular composition of the LGE, determined with both morphological analyses and specific fate markers, with SNPs almost doubling at the expense of RGCs: altering the mode of division of LGE progenitors directly impacts on their identity. Similar results were obtained following in utero electroporation of Insc, or other factors altering the plane of division, such as LGN inhibitors (dNLGN), further strenghtening the specificity of the observations. Timelapse imaging further confirmed these findings, revealing that Insc-overexpressing cells tend to divide more frequently in an apparently symmetric fashion, leading to two further SNPs.
Overall, these data indicate that a dysregulation of cell division orientation in LGE progenitors leads to consistent changes in the lineage composition of these cells. In addition, and interestingly, these effects appeared to be highly time specific, as they were observed following Insc dysgregulation around midneurogenesis (E14), but not earlier (E12).
But do these changes in progenitor behavior and fate matter in the long run, in particular for adult neurogenesis? An interesting hint came from the observation that although proliferation rates appear to be overall normal in LGE progenitors following Insc overexpression, Falk et al. (2017) observed a sharp decrease in the number of p57-positive quiescent cells. As these cells were recently proposed to be at the origin of aNSC (Furutachi et al., 2015) , they looked at the same mouse model in young adult mice, using specific markers of aNSC. Strikingly, this revealed a profound reduction in the number of aNSC in the SEZ, as determined using specific genetic or fate markers, as well as by measuring the number of quiescent, so-called label-retaining cells. While the observed effects are quite important, they could have been unrelated to the observations in the embryo, and in particular could be the consequence of dysregulation of cell division in aNSCs themselves. To test the specificity of their observation, Falk et al. (2017) therefore turned to focal Insc overexpression using viral transduction, first focusing on the specific embryonic stages where the effects were found on spindle pole orientation. This resulted in a similar reduction of aNSCs at later stages up to young adulthood, further supporting the strict time specificity of the findings. Conversely, overexpression of Insc at early postnatal or adult stages showed no change in the pool of aNSCs, thus confirming the causal relationship between the embryonic manipulations and adult observations and revealing a critical period during embryogenesis, where relatively small changes in spindle pole orientation can impact on the initial aNSC pool size and thereby, in the longer run, on patterns of adult neurogenesis.
While these data thus shed important new light on the links between embryonic and adult neurogenesis, they also bring their share of intriguing results that lead to many interesting open questions.
A first surprising piece of data provided by Falk et al. (2017) is that the reduction of aNSCs in young adult mice overexpressing Insc was not associated with obvious defects in the OB, the main target of LGE-derived neurogenesis. This may reflect homeostasis ongoing in these mice, as the number of apoptotic cells was also drastically reduced in the OB, which could counterbalance the expected reduced neuronal output from the aNSC pool. Similarly, when examining aged (2-year-old) adult mice, which are expected to display a depleted pool of aNSCs, they found similarly reduced number of aNSCs in control and Insc OE mice, again suggesting compensatory mechanisms to preserve in the long run the aNSC population, despite the inital pool reduction. It will be interesting to explore this intriguing phenomenon further, as it could help to understand how aNSC homeostasis is orchestrated in normal conditions, as well as in pathological contexts. Similarly, Falk et al. (2017) found that the size of the striatum itself appears to be unaffected in the Insc OE mice, which is surprising, since most striatal neurons are produced in the LGE. It will be interesting to determine the exact cellular composition of the striatum in this context, as it is possible that the Insc-mediated changes in division patterns may lead to the generation of a similar number of neurons, but with alternative fates, as recently found in the medial ganglionic eminence (MGE) (Petros et al., 2015) .
But probably the most intriguing results of Falk et al. (2017) are related to the links between the orientation of the plane of division, patterns of division, and cell fate. Indeed, in the cerebral cortex and many other brain regions, Insc-mediated randomization of the spindle pole orientation typically leads to the delamination of the progenitors, and thereby to an increase in the number of basally dividing progenitors, which lack an apical process and may retain a basal process (Delaunay et al., 2016) . Instead, Falk et al. (2017) find that a similar manipulation of the plane of division in the LGE leads to an increase in the generation of SNPs, which retain an apical process while they lack a basal process. Similarly, while an increase in oblique or horizontal divisions is usually predicted to lead to more asymmetric divisions (Knoblich, 2010) , in the LGE Insc or LGN manipulations cause an increase of divisions leading to two SNPs, which would correspond to symmetric divisions (though it should be noted that the two SNPs could conceivably correspond to two different cell types). This is not the first example of such paradoxical results in this frame: for instance, in the mammary gland, Insc overexpression was shown to lead to symmetric divisions as well (Ballard et al., 2015) , while LGN inactivation was shown to lead to opposite patterns of division in the retina and cortex (Lacomme et al., 2016) . It is delicate at this stage to propose a conservative model to explain these results, but in any case they clearly indicate that the control of spindle pole orientation is highly dependent on the cellular type and context, and is likely to play together with independent, still-unknown factors acting during cell division. It is relevant to note that while the impact of division orientation can enable prediction of the behavior of the daughter cells at the population level, time-lapse analyses reveal that seemingly similar patterns of division can lead to very different outcomes at the single-cell level. These observations remind us again of the butterfly effect, by which the outcome of some events cannot be reliably predicted, in part because of their stochastic nature, or perhaps because we just still lack crucial additional information to understand the underlying determinism. Given the importance of cell division patterns on neural development, we should thus expect more exciting findings to come: it's a good time to chase butterflies in the stem cell field.
